H
eart transplantation is an established life-saving treatment for individuals with end-stage refractory heart failure. Although heart transplant recipients' peak exercise oxygen uptake (Vo . 2peak ) improves after surgery, it remains 40% to 50% lower than healthy age-matched control values. 1 The lower Vo . 2peak after heart transplantation is the result of both central (cardiac denervation, diastolic dysfunction) and peripheral (vascular dysfunction, reduced skeletal muscle oxidative fibers, enzymes, and capillarity) abnormalities that limit O 2 delivery and extraction by the exercising skeletal muscles. 1 Decreased exercise tolerance may also have important prognostic implications, because heart transplant recipients with a median Vo . 2peak <19.6 mL/kg per minute have reduced long-term posttransplantation survival. 2 Accordingly, an important goal of therapy in the early posttransplantation period is to optimize the exercise rehabilitation program to maximize improvements in Vo . 2peak . Randomized controlled exercise intervention trials performed to date have demonstrated that aerobic training performed alone or combined with strength training significantly increases Vo . 2peak in heart transplant recipients. 1 The magnitude of increase in Vo . 2peak can depend on the intensity of exercise training performed. 1, 3 For example, high-intensity interval training (HIT) has been shown to be safe and timeefficient, and it elicits superior improvements in Vo . 2peak compared with traditional moderate-intensity continuous training in patients with cardiometabolic disorders, 4 coronary artery disease, 5 and heart failure. 6 Completing multiple bouts of higherintensity exercise allows for a greater physiological stimulus and adaptations than moderate-intensity continuous training, which may be particularly beneficial for patients with an impaired cardiac output response to exercise. 7, 8 The HIT approach also produces greater improvements in cardiac and vascular function and skeletal muscle metabolism and has been shown to be more enjoyable than moderateintensity continuous training, which may encourage long-term adherence. 9 Currently, no study has examined the safety, feasibility, and efficacy of HIT initiated in the early period after heart transplantation.
In this issue of Circulation, Nytrøen and colleagues 10 aimed to fill this important knowledge gap by assessing whether HIT introduced early after heart transplantation surgery was safe and effective for increasing Vo . 2peak and healthrelated quality of life and whether these improvements were superior to traditionally prescribed moderate-intensity continuous training. To achieve this aim, the authors conducted a multicenter, prospective, randomized controlled exercise intervention trial that included 81 clinically stable heart transplant recipients recruited from 3 medical centers (Copenhagen, Denmark; Gothenburg, Sweden; and Oslo, Norway).
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https://www.ahajournals.org/journal/circ Circulation Baseline assessments were performed on average 11 weeks after transplantation and included a cardiopulmonary exercise test (primary outcome, Vo . 2peak ), resting echocardiography, right-sided heart catheterization, spirometry, peripheral vascular endothelial function, lower-extremity maximal muscular strength and endurance, and quality of life. After completion of baseline testing, heart transplant recipients were randomized to 9 months of HIT (2-4 intervals at 85%-95% peak effort followed by 3 minutes of active recovery at 60%-70% peak effort, plus supplemental strength training) or moderate-intensity continuous training (60%-80% peak effort, plus supplemental strength training) performed in the local community under the supervision of a physical therapist. All subjects were given a heart rate (HR) monitor (to track exercise intensity) and advised to exercise 2 to 3 times per week for ≈40 minutes per session. Follow-up testing was performed 1 year after heart transplantation.
The authors reported that 78 heart transplant recipients (HIT: n=37, mean age 50 years; moderate-intensity continuous training: n=41, mean age 48 years) completed the 9-month exercise training program, during which time the exercise adherence for both groups was 81%. The major new finding by Nytrøen and colleagues 10 was that HIT initiated early after heart transplantation was safe and elicited significantly larger increases in Vo . 2peak , anaerobic threshold, peak expiratory flow, and muscular (extensor) endurance compared with moderate-intensity continuous training. 10 No significant difference was found between groups for resting left ventricular systolic and diastolic dimensions, ejection fraction, HR, cardiac output, arterial-venous oxygen difference, pulmonary artery or wedge pressures, systemic or pulmonary vascular resistance, maximal strength, or quality of life after training.
Although both groups increased Vo . 2peak after training, the superior magnitude of the improvement in Vo . 2peak with HIT compared with moderate-intensity continuous training (4.9 versus 3.1 mL/kg per minute) occurred despite the HIT subjects increasing their body weight by 6 kg. Impressively, the change in absolute Vo . 2peak was significantly higher after 9 months of HIT compared with moderate-intensity continuous training (0.52 versus 0.32 L/min, equal to a between-group change of 0.2 L/min). To the best of our knowledge, this is the highest ever reported improvement in absolute Vo . 2peak with HIT performed across the heart transplantation survivorship continuum. 3, 11, 12 A plausible explanation for this favorable benefit of HIT was that subjects in this study were able to perform the brief interval bouts at a very high intensity level. For example, during periods 1 and 3 of the study, the HIT group trained at a mean peak HR of 124 and 142 bpm (≈97% and 111% of baseline peak HR, respectively), whereas the mean HRs for the moderate-intensity continuous training group during these time periods were 111 and 121 bpm (≈87% and 95% of baseline peak HR, respectively). In turn, as highlighted by the authors, the ability of the heart transplant recipients to adhere to the training program was likely attributable to exercise being performed in a 1:1 setting with a physical therapist of their choice in their local community, during which time they were carefully monitored.
Multiple linear regression analysis (including age and sex) revealed that mean changes from baseline to 1-year follow-up in HR reserve and oxygen pulse accounted for 90% of the variance in mean change in Vo . 2peak after exercise training in both groups. Notably, the significant increase in HR reserve with HIT (23 bpm) and moderate-intensity continuous training (18 bpm) was driven by the large increase in peak exercise HR in both groups. These findings, coupled with the large decline in HR recovery 2 minutes after exercise, suggest functional evidence of cardiac reinnervation, which has been associated with a higher Vo . 2peak after heart transplantation. 13 Nytrøen and colleagues 10 also found that HIT significantly increased oxygen pulse (Vo . 2 /HR), which they suggest reflects a central adaptation. Because oxygen extraction is directly proportionate to muscle oxygen diffusive conductance and inversely related to muscle blood flow, 14 an alternate explanation for this finding might be that peripheral adaptations, in addition to central factors, contribute to the increased O 2 pulse and Vo . 2peak with HIT. Indeed, the superior improvements in muscular endurance with HIT versus moderate-intensity continuous training were more strongly associated with changes in peak Vo . 2 at 1-year follow-up (r=0.54 and r=0.40, respectively). Given that a majority of the Fick principal determinants were only measured at rest, future studies are required to establish the relative contributions that central and peripheral factors play during exercise to the HIT-mediated improvement in Vo . 2peak . There are several important limitations to HIT and its application in this study. First, HIT in this study required 1:1 interaction with physical therapists, which may not be feasible in most cardiac rehabilitation programs, where the patient to staff ratio is ≈5:1. Second, HIT generally requires motivated, medically stable patients who can attain and maintain high (90%-95%) exercise intensity ranges. Third, the regulation of the target exercise intensity is dependent on appropriate use of rating of perceived exertion, which can be challenging for some patients, and a "normal" chronotropic response. Finally, this study was conducted on predominantly male, relatively younger heart transplant patients. It is unknown at this point whether older, female, and less stable heart transplant patients would tolerate or benefit similarly from HIT.
In summary, the findings by Nytrøen et al 10 in this issue of Circulation provide important new information regarding the safety, feasibility, and efficacy of initiating HIT in the early period after heart transplantation. Further research is required to determine whether the initial improvements in Vo . 2peak and muscular endurance persist in the long-term period after heart transplantation, and whether they are associated with favorable clinical outcomes such as lower hospital readmission and improved survival.
